Long Interspersed Element-1 (LINE-1) retrotransposition contributes to inter-and intra-individual genetic variation and occasionally can lead to human genetic disorders. Various strategies have been developed to identify human-specific LINE-1 (L1Hs) insertions from short-read whole genome sequencing (WGS) data; however, they have limitations in detecting insertions in complex repetitive genomic regions. Here, we developed a computational tool (PALMER) and used it to identify 203 non-reference L1Hs insertions in the NA12878 benchmark genome. Using PacBio long-read sequencing data, we identified L1Hs insertions that were absent in previous short-read studies (90/203). Approximately 81% (73/90) of the L1Hs insertions reside within endogenous LINE-1 sequences in the reference assembly and the analysis of unique breakpoint junction sequences revealed 63% (57/90) of these L1Hs insertions could be genotyped in 1000 Genomes Project sequences. Moreover, we observed that amplification biases encountered in single-cell WGS experiments led to a wide variation in L1Hs insertion detection rates between four individual NA12878 cells; under-amplification limited detection to 32% (65/203) of insertions, whereas over-amplification increased false positive calls. In sum, these data indicate that L1Hs insertions are often missed using standard short-read sequencing approaches and long-read sequencing approaches can significantly improve the detection of L1Hs insertions present in individual genomes.
INTRODUCTION
At least 45% of the human genome is composed of transposable element (TE)-derived sequences (1) . TEs can be subdivided into four major categories: (i) DNA transposons, (ii) long terminal repeat (LTR) retrotransposons, (iii) long interspersed elements (LINEs), and (iv) short interspersed elements (SINEs). L1 represents a subclass of LINEs and L1-derived sequences comprise ∼17% of the human genome (1, 2) .
The overwhelming majority (>99.9%) of L1-derived sequences contain mutations (i.e. 5 truncations, internal DNA inversion/deletion structures, and/or point mutations) and cannot move (i.e. retrotranspose) to new genomic locations (1, (3) (4) (5) (6) . However, an average human genome contains ∼80-100 active full-length human-specific L1s (L1Hs) (7) (8) (9) and a small number of highly active, or 'hot,' L1Hs sequences are responsible for the bulk of human retrotransposition activity (7, 8, 10, 11) .
Retrotransposition-competent L1s (RC-L1s) are ∼6 kb in length (12, 13) and contain a 5 UTR that harbors an internal RNA polymerase II promoter, two open reading frames (ORF1 and ORF2), and a 3 UTR that ends in a polyadenosine (poly(A)) tract (12, (14) (15) (16) . L1 retrotransposition occurs by target-site primed reverse transcription (TPRT) (17) (18) (19) , which requires biochemical activities encoded by the L1-encoded proteins (ORF1p and ORF2p), full-length polyadenylated L1 RNA, and host-encoded proteins (15, 18, (20) (21) (22) . TPRT leads to the insertion of an L1 at a new genomic location. The newly inserted L1 contains diagnostic structural hallmarks (21) and: (i) is often 5 truncated and ends in a 3 poly(A) tract, (ii) is flanked by variable length target site duplications (TSDs), (iii) inserts into an L1 ORF2p endonuclease (L1 EN) consensus cleavage site (5 -TTTTT/AA, and variants of that sequence) (18, 23, 24) , and (iv) sometimes contains additional genomic sequences at their 3 end (known as L1-mediated 3 transductions) (16, (25) (26) (27) . ORF1p and/or ORF2p also can act in trans to mobilize SINEs (e.g. Alu elements and SVAs), non-coding RNAs, and messenger RNAs (21, 28) . Together, these L1mediated retrotransposition events comprise at least 11% of the human genome (1, 21) .
L1-mediated retrotransposition events can be mutagenic and germline retrotransposition events within the exons or introns of genes can result in null or hypomorphic expression alleles that lead to sporadic cases of human disease (29) . Moreover, recent studies have revealed that somatic L1 retrotransposition events can act as driver mutations in certain cancers (30) . Somatic L1 retrotransposition events can also occur in neuronal progenitor cells (31) (32) (33) (34) , leading to suggestions that they may play a role in the etiology of neuropsychiatric diseases (35) (36) (37) (38) . However, the various sequencing methodologies and bioinformatics pipelines used to detect somatic L1Hs insertions in human neurons have yielded conflicting data with regard to the rate of L1 retrotransposition and whether specific brain areas accommodate higher levels of L1 retrotransposition than others (33, 34, (39) (40) (41) (42) (43) . Indeed, the difficulty in uniquely aligning short-read sequences to repetitive genomic regions likely leads to an under-representation of L1Hs insertion in complex and/or repetitive genomic regions.
De novo L1 retrotransposition events can insert within endogenous L1s or other repeated DNA sequences, making their detection by short-read sequencing difficult (24) . The advent of third-generation DNA sequencing technologies provides a powerful way to characterize repeat-rich genomic regions (44, 45) . However, computational approaches to identify and characterize L1Hs insertions in repeat-rich genomic regions require refinement, as many approaches only label L1Hs events as 'generic' insertions and/or are not designed to consider the unique sequence hallmarks of new L1 insertions (46) (47) (48) . Moreover, approaches using pairwise sequence alignments to annotate repeat sequences may have difficulty differentiating between new retrotransposition events and duplications of existing genomic sequences containing endogenous repeats (49) .
Here, we describe a computational tool, PALMER, which pre-masks long reads aligning to endogenous repeats present in the human reference sequence. We then applied this approach to identify non-reference L1Hs insertions in recently generated Pacific Bioscience (PacBio) long-read sequencing data from the well-characterized NA12878 benchmark genome. We assessed our approach by comparing non-reference L1Hs insertions detected by PALMER (herein called PALMER L1Hs insertions) with call sets identified using standard Illumina WGS data, whole genome 3 targeted L1 capture assays, as well as recent large-scale efforts, including Genome in a Bottle (50) , and the Human Genome Structural Variation Consortium (48) . Finally, we used our PALMER call set to assess the efficacy of single-cell whole genome DNA amplification (WGA) in detecting L1Hs insertions in NA12878. Together, these efforts revealed that L1Hs insertions are often missed due to their integration into complex and repetitive genomic regions and/or are often incompletely annotated because the candidate L1Hs insertions were not systematically as-sessed for the presence of L1 structural hallmarks. In sum, we demonstrate that a combination of long-read sequencing data with repeat pre-masking and systematic feature identification can identify many previously overlooked L1Hs insertions into complex genomic regions.
MATERIALS AND METHODS

Resolving germline non-reference L1Hs insertions from PacBio data
We developed an approach, named PALMER (Pre-mAsking Long reads for Mobile Element inseRtion), to detect L1Hs insertions in the NA12878 benchmark genome. PALMER first pre-masks aligned long-read sequences containing known reference L1 sequences obtained from Repbase (51) and then searches against a 'hot L1' sequence (L1.3; GenBank: L19088) (9) to detect non-reference L1Hs insertions within the remaining unmasked sequences in the genome (Figure 1 ). To facilitate this process, neighboring pre-masked repeats within 100 bp of each other in individual PacBio subreads were combined into larger segments.
The Genome Institute at Washington University School of Medicine generated 50× coverage NA12878 PacBio sequence data (NCBI Sequence Read Archive: PRJNA323611). Notably, this is the same data resource used in a recent publication (49. All subsequent analyses were carried out using the hs37d5 (GRCh37+decoy) reference genome (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/ technical/reference/phase2 reference assembly sequence/). Ambiguous aligned reads with a samtools (52) FLAG value larger than 255, which excludes supplementary, secondary, and duplicate alignments, as well as low mapping-quality reads (MAPQ <10) in the PacBio data were excluded from subsequent analyses.
We implemented several filtering strategies to reduce potential false positive calls. We first implemented a lower threshold for the number of individual PacBio subreads required to consider loci for putative L1Hs insertions. This threshold was derived based on the mean () and standard deviation () of the PacBio sequence coverage across all putative insertion sites (Supplementary Figure S1A ). We excluded sites with fewer than ( − ) supporting subreads, where − = 5 subreads was used for this analysis. The number of subreads required is a heuristic parameter and can be adjusted by the user to increase sensitivity at the potential cost of specificity. We further required that the putative non-reference L1Hs insertion contain ≥25 bp of sequence in the PacBio subread that is identical to the L1.3 sequence. This heuristic cut-off is based on the established use of oligonucleotides that are 25 bp in length for microarray hybridization (53) and is an adjustable parameter. We also require the presence of a poly(A) sequence of ≥20 bp in length and that the putative insertion is bounded by identical sequences of ≥6 bp in length reflective of target site duplications (TSDs).
To determine how sequencing read coverage influences the performance of PALMER, we conducted a downsampling analysis. We randomly chose 80%, 60%, 40% and 20% of the whole-genome PacBio reads to generate 40×, 30×, 20× and 10× coverage genome sequences, respectively. We then calculated the number of non-reference Known repeats (L1s, Alus or SVAs in reference) are used to pre-mask the portions of individual reads that align to these repeats. After the pre-masking process, PALMER searches PacBio subreads against an insertion sequence, L1.3 (GenBank: L19088), and identifies reads with a putative insertion sequence (including 5 inverted L1 sequence, if available) as candidate supporting reads. PALMER searches the bins in 50 bp 5 upstream and 3.5 kb 3 downstream of insertion sequence for each read and then identifies candidate TSD motifs, 5 transduction and poly(A) sequence. All supporting reads are then clustered at each locus and those with a minimum number of supporting events are reported as putative insertions.
L1Hs insertions detected in our original PALMER call set at the various sequence coverage depths.
To improve the accuracy of non-reference L1Hs insertion sequences derived from individual PacBio subreads, which have lower per-read base pair accuracy, we used local sequence alignments and PacBio error correction strategies. Error correction was conducted by applying CANU (54) to PacBio subreads that contain the PALMER L1Hs insertion sequence, allowing the generation of error-corrected reads that served as inputs for local re-alignment using the long-read aligning software BLASR (55) . A secondpass of the PALMER pipeline then was executed using these locally aligned error-corrected reads to generate a high-confidence call set of germline non-reference L1Hs insertions (summarized in Supplementary Table S1 ). All command lines running pipelines in this work can be found in the GitHub repository (https://github.com/ mills-lab/PALMER Pipelines). We also generated recurrence (dot) plots by comparing the reference sequence to the sequence of individual PacBio error-corrected reads using BLASTn (56, 57) , as part of our orthogonal validation efforts ( Supplementary Table S2 ).
Validation from sequence data from BLAST database and clone data
We used BLASTn (56, 57) to search for L1Hs sequences identified in other studies that are present in the NCBI nr/nt database. We required at least one matched alignment to be continuously extended through the insertion location with ≥99% identity to an error-corrected read containing an L1Hs insertion sequence.
To assess whether our predicted non-reference L1Hs insertions could be supported from end-sequence clone pair information generated from NA12878 fosmid libraries (58) , we compared deviances of end-sequence alignment distances to the expected L1Hs insertion lengths on the same haplotype. Briefly, we obtained 839 373 clone end-sequence pairs with insert sizes between 10 kb and 100 kb and mapped them to hs37d5 using BWA-MEM (59) . We calculated the insert size for each individual clone pair and intersected them with the coordinates of PALMER L1Hs insertions. We obtained the phased single nucleotide polymorphism (SNP) information from the GIAB Project (46) , which is based on phasing information obtained from physical 10× Genomics linked-read sequencing and long-read PacBio sequencing. All PacBio error-corrected reads containing the L1Hs insertion sequence and the overlapped fosmid clones were assigned to individual haplotypes by interrogating the phased SNPs within each sequence (Supplementary Figure S2A ). By using this strategy, 924 fosmid clone fragments overlapping 135 L1Hs insertions were assigned to specific haplotypes. The overall distribution of these fosmid clone insert sizes shows a mean value of ∼40 kb (Supplementary Figure S2B ) and we derived a value ( ) representing the deviation from the expected 40kb fosmid clone insert size. We then regressed the PALMERpredicted insertion sizes on the values of in two categories: (i) those that overlapped PacBio error-corrected reads and fosmid clone pairs that were assigned to the same haplotype, and (ii) those that overlapped PacBio errorcorrected reads and fosmid clone pairs assigned to different haplotypes. A similar strategy was used to leverage phased SNPs within each sequence to assign individual PacBio error-corrected reads to specific haplotypes around insertion sites predicted by non-PALMER approaches to verify the presence of both the post-and pre-integration insertion alleles.
Short-read WGS data of NA12878 and L1Hs 5 genomic DNA/L1 junction sequence k-mer analysis
We used the following short-read WGS data in this study: (i) 50× coverage WGS data of three genomes (NA12878, NA12891 and NA12892) in the Centre d'Etude du Polymorphism Humain (CEPH) pedigree 1463 generated as part of the Illumina Platinum Genomes (the European Nucleotide Archive accession: PRJEB3381) project (60); and (ii) 30× coverage linked-read germline genome V2 data for NA12878 from 10× Genomics. We obtained the fastq file of the hs37d5 reference genome from the 1000 Genomes Project (61) .
We constructed 26 bp L1Hs 5 genomic DNA/L1 junction sequences (26mer) from the error-corrected PacBio reads containing each L1Hs insertion (Supplementary Table S1). This 26mer contains 13 bp of the L1Hs insertion sequence and 13 bp of the 5 flanking genomic DNA sequences, respectively ( Figure 2E ). Concurrently, we artificially constructed 26mers to assess the specificity of L1Hs insertion predictions by randomly generating pseudo-L1Hs insertion locations in the reference consistent with the number of non-reference L1Hs insertions we identified (n = 203); we reiterated this process nine times. Hash tables of these genomes (WGS for NA12878, NA12891, NA12892, as well as 10x Genomics for NA12878 and the reference genome) for all 26mer (real or simulated) experiments were constructed using Jellyfish2.0 (62) . We then counted the number of times that each 26mer appeared in each genome. An individual insertion (real or simulated) with a 26mer not present in the reference genome and exhibiting between 1 and 200 counts in the short-read data was considered as 'valid' ( Supplementary Table S1 ). For the NA12878 10× Genomics data, we also calculated the counts in haplotype 1 (HP1), haplotype 2 (HP2) and non-haplotype information, separately, to determine whether identified 26mers were present on individual haplotypes consistent with expected Mendelian transmission.
We next applied valid L1Hs 5 genomic DNA/L1 junction sequence k-mers (as described above) in our analysis of the 1000 Genomes phase 3 samples (http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/ data collections/1000 genomes project/). We downloaded aligned low-coverage sequencing bam files of all phase 3 samples (n = 2504) from the 1000 Genome FTP site. We calculated the counts of each 26mer from each insertion in every sample. The samples have a mean coverage of 4-6×; thus, we adjusted our parameters such that we considered 26mer counts that are larger than zero and less than 10 as 'valid' to support the appearance of the respective L1Hs insertion event in an individual sample. We omitted 26mers Figure 2 . Validation of the PALMER L1Hs insertions using multiple strategies. (A) Error correction and local alignment for the supporting subreads were carried out to obtain high-quality sequence reads for each event. (B) A recurrence plot for a predicted insertion in chr16: 31 950 972. The structure of this event is shown on the Y-axis of the plot, including a 11 bp 5 TSD (purple arrow), a 639 5 inverted L1 sequence (light orange bar), 1371 bp non-reference L1Hs sequence (dark orange bar), a 32 bp poly(A) tract (red bar), a 138 bp 3 transduction (blue bar), a second 55 bp polyA tract (red bar), and a 11 bp 3 TSD (purple arrow). Y-axis is a 8 kb segment of error-corrected sequence, and X-axis is a 8 kb reference sequence at chr16 from 31 946 972 to 31 954 972. Information of RepeatMasker track was shown below in the same scale, demonstrating this event is inserted into a 6 kb reference L1PA region (red arrow shows the insertion site). (C) Example of supporting sequences from searching the BLAST GenBank nr/nt database using error-corrected reads containing putative insertion sequences. The lower panel shows the hits in the BLAST GenBank nr/nt database for one event (chr6: 32 613 219), whose sequence is 445 bp (orange) in an error-corrected read (green). The red bars underneath represent supporting results with E-value = 0 in the database. (D) Distributions between the predicted size of insertion sequence and the length from 40 kb of the expected insert size of fosmid clone (FC) reads, categorized by fosmid clone read pairs assigned to the different haplotype of insertion sequence (left) and those assigned to the same haplotype of insertion sequence (right). (E) L1Hs 5 genomic DNA/L1 junction sequence k-mer analysis for 203 germline non-reference L1Hs insertions of NA12878 in short-read data. The green bar represents the genome with inserted L1Hs sequence (orange); the green arrows are the short paired-end reads mapped to the genome. (F) L1Hs 5 genomic DNA/L1 junction sequence k-mer analysis in five distinct sets: WGS data for NA12878, NA12891, NA12892 and 10× Genomics data for NA12878 and the reference genome (hs37d5). The red frame shows the events are supported in the specific genome. with ≥10 counts in >10 samples, as these likely represent over-amplified regions during sequence library construction and are likely not representative of true L1Hs insertion sequences. We then calculated the number of samples for each 'valid' 26mer and the sample frequency based on their presence in the following geographic population samples: super-population Africa (AFR, n = 661); East Asia (EAS, n = 504); Europe (EUR, n = 503); South Asia (SAS, n = 489); Americas (AMR, n = 347); and all phase 3 samples (n = 2504). We obtained individual L1Hs genotype information reported by the 1000 Genomes Project (63) for comparison.
Polymorphic L1Hs insertion datasets and genomic annotation information
We obtained other available datasets containing NA12878 sample for comparison, including dbRIP (64), a call set of structural variations (SVs, including L1Hs) from PacBio data (49) , and two call sets for SVs (including generic insertions) from GIAB (i.e. calls from the Mt. Sinai School of Medicine for NA12878 PacBio data (ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/data/NA12878/ NA12878 PacBio MtSinai/) as well as calls from metaSV (65) . We required that the sites overlapped and that ≥65% reciprocal overlap of length (if applicable) to be considered as intersections between two sets.
To assess whether we were able to distinguish between individual PALMER-specific L1Hs insertions inserted into specific copies of a segmental duplication ( Supplementary  Table S2 ), we used BLAT (66), as well as a map-free approach for assessing copy number based on k-mer counting, QuicK-mer (67) . We first aligned error-corrected PacBio reads containing the non-reference L1Hs sequence to the reference using BLAT and required a full-length alignment of the entire read to have >90% identity to only one copy of an annotated segmental duplication (68) . For PALMERspecific L1Hs insertions where we could not differentiate between near-identical segmental duplications, we applied QuicK-mer to the error-corrected read sequences. QuicKmer uses a predefined set of informative 30mers to efficiently distinguish between duplicated regions of the genome. We assigned a non-reference L1Hs insertion to a specific segmental duplication copy if the error-corrected read in which it was encompassed exhibited at least one distinguishable 30mer at that position in the genome.
We obtained the RepeatMasker track (69) and gene annotation for hs37d5 from UCSC genome browser (http://genome.ucsc.edu/) (70) . Accessible genome mask information was obtained from the 1000 Genomes FTP site (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/ supporting/accessible genome masks/). We extended the sequences (±50 bp) surrounding each non-reference L1Hs insertion site to calculate the overlap with certain annotation information. We calculated the AT content flanking the L1Hs insertion site based on the reference sequence. The recombination rates were generated by deCODE (71) and downloaded from the UCSC genome browser. Any genome coordinates from another version of reference genome were transformed using the LiftOver tool (72) .
NA12878 cell line preparation and whole genome 3 targeted L1 capture technology for gDNA
We obtained the lymphoblastoid cell line of NA12878 from Coriell Cell Repositories (Camden, NJ) and cultured the cell line at 37 • C under 5% carbon dioxide in RPMI 1640 with 2mM L-glutamine and 15% fetal bovine serum.
We performed a revised Iskow et al. (39) method for the preparation of the 3 targeted L1 capture library. Genomic DNA (gDNA; 1-20 g) was randomly sheared to 1 kb or 2 kb fragments with the Covaris M220 series. Following shearing, the DNA was end-repaired (NEBNext End Repair Module #E6050), column purified (QIAquick PCR purification Kit #28104), dA-tailed (NEBNext dAtailing Module Protocol #E6053), and column purified once more (QIAquick PCR purification kit) so that our designed adapters with a T overhang could be ligated onto the sheared DNA. We used the same adapter sequences and followed the same annealing adapter and adapter ligation protocols as published previously (24) . Ligation was followed by two amplification cycling conditions. The first PCR performed involves an L1Hs specific sequence containing the 'ACA' tri-nucleotide specific to L1Hs elements in the 3 UTR, as well as an 'outside' primer specific to the ligated adapter sequence (Supplementary Figure S3A ). Amplification was performed with Invitrogen Platinum Taq DNA Polymerase (Invitrogen #10966018). Reactions contained 100 ng adapter-ligated gDNA, 1× manufactured PCR buffer including-Mg, 1.5 mM MgCl 2 , 0.2 mM each dNTP, 0.4 M each primer (L1Hs primer: 5 -ATACCTAATGCTAGATGACACA-3 and 'outside' adapter primer: 5 -GCTTGACATTCTGGATCGATCG C-3 ) and 2 U of Platinum Taq DNA Polymerase in a 50 l total reaction volume. Reactions were incubated at 96˚C for 2 min followed by 12 cycles of 96˚C, 30 s; 60˚C, 90 s; 72˚C, 90 s; with a final 3-minute extension at 72˚C. After the completion of the initial amplification, the first-round PCR products were used as a template (5 l worth) in a subsequent PCR reaction. This second PCR amplification involves a downstream L1Hs primer sequence, residing upstream of the L1Hs poly(A) signal, which is tagged with an Illumina MiSeq priming sequence on the 5 end of the primer sequence (5 -CAAGCAGAAGACGGCATACG AGATTCGAACCAGGGCACATGTATACATATGT AACTAACCTGCACAATGTG-3 ), and an 'internal' adapter primer sequence tagged with Illumina MiSeq priming sequence on the 5 end of the primer sequence (5 -AATGATACGGCGACCACCGAGATCTACACA TGTCACATGATCGATCGCTGCAGGGTATAGG-3 ). Reactions contained the same components mentioned for the first PCR reactions, except the template consisted of 5 l of the first PCR amplicon and the abovementioned primers. This second PCR reaction consisted of incubation at 96˚C for 2 min followed by 20 cycles of 96˚C, 30 s; 60˚C, 30 s; 72˚C, 90 s; with a final 5-minute extension at 72˚C. Final PCR products were separated on a 1.2% UltraPure low melting point agarose gel (Invitrogen # 16520050). Products of ∼500 bp in size were gel extracted and purified with QIAquick Gel Extraction Kit (Qiagen #28704). Final DNA concentrations were determined using an Invitrogen Qubit Fluorometer. We then performed real-time PCR to determine sample concentrations before sequencing the samples on an Illumina MiSeq using the protocols provided in the MiSeq Reagent Kit v3 (600-cycle) (Illumina MS102-3003). The following primers for sequencing: (i7 L1Hs primer: 5 -GGTACATGTGCACATTGTGC AGGTTAGTTACATATGTATACATGTGC-3 ; Read 1 Sequencing Primer: 5 -ATCGATCGCTGCAGGGTA TAGGCGAGGACAACT-3 ; Read 2 Sequencing Primer: 5 -GCACATGTATACATATGTAACTAACCTGCACA ATGTGCACATGTACCC-3 ).
Resolving non-reference L1Hs insertions from whole genome 3 targeted L1 capture data in bulk experiment
We customized a pipeline for analyzing the Illumina Miseq sequencing data (Supplementary Figure S3A ). In this pipeline, we assigned paired-end alignments using BWA-MEM (59), removed the PCR duplicates using samtools (52) , and trimmed the L1Hs sequence, as well as the poly(A) sequence, at both ends of 300 bp paired-end reads to facilitate alignment to the human genome reference sequence. These reads were then converted into fastq files and realigned to the reference genome. We discarded reads with low mapping quality (MAPQ < 10), clustered the reads as L1Hs regions, and counted the unique number of supporting shearing points (N sp ) for each clustered region. To obtain the values of N sp , we used our high-confidence nonreference Palmer L1Hs insertion set (n = 203, described above) as a true positive training set to calculate Youden's J index (J = sensitivity + specificity -1). This J index was used to set up the threshold of N sp for calling an event in the 3 targeted L1 capture technology ( Supplementary Figure S3B ).
Single-cell whole genome amplification cell line preparation
To obtain diploid GM12878 for single-cell studies, cultured GM12878 were washed twice in cold PBS, fixed by resuspending them in ice cold 50% ethanol, and incubated on ice for 20-30 min. Fixed cells were pelleted, resuspended at 1 × 10 7 cells/ml in cold PBS, and incubated on ice for 45 min with 1ug/ml RNase A (Qiagen) and 500 nM SYTO™ 13 Green Fluorescent Nucleic Acid Stain (Thermo Fisher Scientific, Waltham, MA, USA). Diploid cells were collected in the G1 phase of the cell cycle using a FACS Synergy flow cytometry (iCyt Mission Technology, Champaign, IL, USA). Single cells were isolated from the diploid population using a Cell Microsystems CellRaft and Cell Microsystems Cell-Raft apparatus according to manufacturer's instructions. WGA was done using an Illustra GenomiPhi V2 DNA Amplification Kit (GE Biosciences) with a modified protocol. Briefly, single cells on raft were incubated for 30 min on ice in 1 ul of 20 mM KOH and 50 mM DTT then frozen at -20 • C or -80 • C for a minimum of 30 min and maximum of 1 week. After freezing, the cell lysate was incubated at 65 • C for 10 min and then on ice for 2 min. After cooling, 9ul of sample buffer was added to lysate and incubated for 10 min on ice. Then, a mix of 9 ul of reaction buffer and 1ul of enzyme was added and incubated for 2 h at 30 • C and 10 min at 75 • C. Amplified DNA was purified by ethanol precipitation.
WGS for single-cell whole genome amplification DNA
Purified WGA DNA was quantitated on a Qubit (Thermo Fisher Scientific) and 150 ng was used to make standard Illumina sequencing library using NEBNext kit (NEB) and Nextflex adapters (BIOO Scientific, Austin, TX, USA) according to manufacturer's protocols. Libraries were pooled and paired-end sequencing was done with 150 cycle MiSeq Reagent Kit v3 on MiSeq (Illumina, San Diego, CA). Reads were paired, mapped to the genome, and genome coverage of aligned reads was determined using Ginkgo (73) with variable length bins and equal numbers of uniquely mappable reads per bin. Samples with an index of dispersion <0.7 were used for higher depth WGS technology. Higher depth WGS was done at Novogene (Davis, CA) on HiSeq X Ten or the University of Michigan on HiSeq-4000.
We also obtained published single-cell sequencing WGS data from prior studies using multiple displacement amplification (MDA) (41, 42) and multiple annealing and looping based amplification cycles (MALBAC) (74) . We conducted sequencing quality, genome read alignment, and genome coverage analyses on these data as well as the WGS data from our four single cells. Lorenz curves (Supplementary Figure S4A ) were constructed by plotting points with xvalue equal to the fraction of the genome with ≤r read depth and y-value equal to the fraction of reads that are in regions of the genome with ≤r read depth. For read depth analysis in four single-cell WGS experiments, we calculated the raw read depth of each category in each single-cell experiment data and normalized them accordingly with the average read depth value of each experiment. The final curves were depicted based on the median of all values from four single-cell experiments data.
Resolving non-reference L1Hs insertions from WGS data in bulk and single-cell WGA experiments
We downloaded WGS data from the Illumina Platinum Genomes (60) to identify germline non-reference L1Hs insertions for NA12878 bulk experiment. We generated single-cell WGS data from WGA DNA as described above. Raw fastq files of NA12878 WGS data in bulk and singlecell WGA experiments were checked for quality using FastQC (75) , resulting in the inclusion of four single cells for downstream analysis (scWGS2, scWGS5, scWGS9 and scWGS59). BWA-MEM (59) was used to align these files to reference genome and generate bam files. PCR duplicates were removed using samtools. We then utilized MELT (76) to identify non-reference L1Hs in the resulting BAM files. Since MELT is not specifically designed for single-cell WGS data, we plotted the ROC curves for four single-cell experiment call sets based on the number of split reads reported by MELT and determined a cutoff of the split-read number from MELT equal to six to support an event in our single-cell WGS data (Supplementary Figure S4C) . The intersection between PALMER L1Hs insertions and MELT Nucleic Acids Research, 2020 , Vol. 48, No. 3 1153 call sets from four single-cell WGS data was drawn using an UpSet plot (77) .
RESULTS
Identifying germline non-reference L1Hs insertions from PacBio data in NA12878
NA12878, a member of the CEPH pedigree number 1463 (78) , is one of the most extensively investigated human genetic control samples. Several large-scale human genome projects, including HapMap (79), 1000 Genomes Project (63, 80, 81) , the Human Genome Structural Variation Consortium (48, 58, 82) , Genome In A Bottle (GIAB) (46) and reference genome improvement projects (49) have used a variety of approaches to generate NA12878 sequencing data. Subsequent analyses by these and other projects (45, 46, 60, 83) have resulted in the generation of several SNP, insertion and/or deletion (INDEL), and SV call sets.
Non-reference germline L1Hs insertions have been identified using PCR capture-based approaches (25, 39, 43, (84) (85) (86) , the analysis of paired-end fosmid sequencing data (10, 82) , the analysis of population-scale short-read sequence datasets (81) , and genome assembly comparisons (87) . While powerful, each approach has limitations detecting L1Hs insertions in repetitive genomic sequences. Here, we leveraged NA12878 sequence data, including recently generated PacBio sequencing data from the Genome Institute at Washington University School of Medicine (see Materials and Methods), and developed a computational tool, PALMER, to discover non-reference L1Hs insertions from third-generation PacBio sequencing data (Figure 1) .
The primary advancement of PALMER is the use of a pre-masking strategy that identifies and masks existing repetitive elements in the human genome reference sequence in individual sequencing reads, thereby enabling the detection of non-reference L1Hs sequences within the remaining unmasked portions of the genome. Thus, PALMER allows an increased resolution to identify and resolve nested 'repeat in repeat' insertions, which are often missed using short-read sequencing and can be difficult to detect using long-read sequencing approaches (88) . PALMER further provides an automated way to detect L1 structural hallmarks, including target site duplications and poly(A) tracts, increasing the confidence that the detected events are bona fide L1Hs insertions (see below).
We applied PALMER to 50× coverage NA12878 PacBio subread sequence data and identified 203 candidate nonreference L1Hs insertions. Each putative insertion had, on average, 23 subreads supporting the L1Hs sequence, of which 19/23 (82%) were generated from different molecules (ZMWs). PALMER also allowed the annotation of additional L1Hs structural hallmarks (e.g. a poly(A) tract of ≥20 bp and TSDs of ≥6 bp), and an average of 5/23 supporting reads per insertion were defined as 'highconfidence' due to the presence of these features (Supplementary Table S1 ). These results remained robust in downsampling experiments conducted with 30× PacBio sequencing coverage (see Methods, Supplementary Figure S1B ).
The analysis of individual PacBio subreads resulted in efficient genome coverage. However, the accuracy of individual base pairs within a raw PacBio sequence read is only ∼80% (89) , which led to variances in L1Hs sequence between individual reads. To overcome this sequence limitation, we performed read error correction using the CANU pipeline (54) , which exploits multiple overlapping reads to correct individual read sequences. This process permits the generation of a high-quality L1Hs annotated sequence within each supporting subread (i.e. leading to <4.5% error rate). The use of error-corrected individual read sequences also enabled us to identify previously filtered subreads that exhibit L1Hs signals, leading to an overall increase in the average total number (n = 23) and high-confidence (n = 12) reads supporting each insertion at a given locus when compared to the raw PacBio subreads (Figure 2A ). Thus, our final set of 203 candidate PALMER L1Hs insertion calls consist of error-corrected and accurately annotated sequence features. Overall, the non-reference L1Hs sequences detected using the error-corrected PacBio subreads were 98.190% ± 0.019 identical to the sequence of L1.3 (Supplementary Figure S1C ), which is consistent with the percent sequence identity of L1.3 when compared to L1Hs sequences present in the reference genome (98.197% ± 0.024).
Additional validation for PacBio calls
To provide additional evidence that the 203 candidate PALMER L1Hs insertion calls represented authentic insertions, we first performed a recurrence plot analysis--a strategy that has long been used to visualize sequence differences (90) and has been more recently used to resolve complex structural rearrangements in the human genome (91) . In a recurrence plot analysis, a region of one sequence (X-axis) is compared to another sequence (Y-axis) and small (i.e. 10 bp) segments that are identical between the two sequences are denoted with a plotted point. Thus, a continuous diagonal line comprising multiple points indicates portions of the compared sequences that are identical. By comparison, gaps and shifts from the diagonal denote an insertion or deletion in one sequence relative to the other. For example, Figure 2B depicts a PALMER L1Hs insertion at chr16: 31 950 972, whereas a respective vertical gap in the reference sequence indicates its absence. On the Y-axis, we also included a colored representation indicating the 2235 bp L1Hs insertion in a single PacBio error-corrected sequence (i.e. the sum of a 639 bp 5 inverted L1 sequence, 1371 bp non-reference L1Hs sequence, 32 bp poly(A) tract, 138 bp 3 transduction sequence and 55 bp poly(A) tract). Manual inspection of individual NA12878 PacBio supporting reads confirmed the size and breakpoints of the insertion ( Supplementary Table  S1 ).
As a control, we next applied PALMER to test whether we could detect polymorphic L1PA2 subfamily members. We reasoned that because the L1PA2 subfamily members are thought to have amplified prior to the divergence of humans and chimpanzees the overwhelming majority of them should not be polymorphic in human populations (92) . L1PA2 is present at 4917 locations in the human reference sequence used by the 1000 Genomes Project (hs37d5), compared to 1544 locations for L1Hs, and provides a platform to test our L1Hs insertion predictions. PALMER did not detect any non-reference L1PA2 insertions in NA12878, supporting the assertion that PALMER is able to distin-guish bona fide non-reference L1Hs insertions from other endogenous L1s present in the human reference genome and is consistent with the finding that L1PA2 subfamily members no longer contribute to active retrotransposition in the human genome (8, 10) We next used BLASTn to determine whether our characterized PALMER L1Hs insertions and their associated flanking genomic DNA sequences are present in the Gen-Bank nr/nt database ( Figure 2C ). Eleven of 203 PALMER L1Hs insertions were previously identified in NA12878 using a fosmid-based approach (see below) (82) . An additional 49/203 L1Hs insertions were supported by sequence data from other samples in the nr/nt database, which were primarily derived from bacterial artificial chromosome or fosmid-based DNA sequencing studies (1, 58, 82) . Thus, 60/203 L1Hs insertions identified by PALMER have sequence-level support from previous studies ( Figure 2C , Supplementary Tables S1 and S8).
We next examined whether the 203 candidate PALMER L1Hs insertions could be indirectly supported by previously generated fosmid clone data (10, 58) . Fosmid libraries are constructed to contain ∼40 kb of genomic DNA. The alignment of paired-end Sanger sequences derived from the 5 and 3 ends of the fosmid insert to the human genome allows a determination of whether the fosmid insert contains or lacks sequences in the reference sequence. For example, fosmid paired-end reads that map 40 kb apart suggest that the fosmid and reference sequences are generally co-linear. By comparison, discordant fosmid paired-end reads that map 34 kb apart suggest the presence of a ∼6 kb insertion in the fosmid insert relative to the reference sequence (10, 58, 82) . Thus, identifying these apparently discordant fosmid readpairs allows the identification of sequences present in individual genomes that are absent from the reference sequence. A limitation of fosmid clone datasets is that variation in the distribution of cloned fragment sizes can lead to difficulty in detecting insertions that are less than ∼4 kb in size (93) .
We further leveraged the fact that the PacBio reads supporting non-reference L1Hs insertions were often long enough to detect flanking genomic SNPs, which should, in some cases, allow us to infer the haplotype on which individual L1Hs insertions arose. Using the high-quality phased SNP information from GIAB, we interrogated SNPs and assigned the supporting L1Hs reads and individual fosmid clone paired-end reads to specific haplotypes (see Materials and Methods). We then examined whether the decrease in the apparent span of paired-end reads in an individual fosmid (due to the polymorphic L1Hs insertion) correlated with the length of the L1Hs insertion predicted by PALMER and observed a strong linear relationship consistent with the presence of additional sequence in the PacBio reads (R 2 = 0.706 and P < 0.0001, Student's t-test, Figure 2D) . As expected, we did not observe a correlation between individual fosmid clones that lacked an L1Hs insertion on the alternative haplotype with the length of the L1Hs insertion predicted by PALMER (R 2 = 0.025). Thus, these experiments allowed an additional level of support for 135/203 of our PALMER L1Hs insertion calls (Supplementary Figure S2C ).
To explore whether PALMER L1Hs insertions possess specific sequence signals at their respective 5 ge-nomic DNA/L1 junction sequences, we conducted a k-mer analysis on short-read Illumina data ( Figure 2E ) generated from NA12878, the parental samples NA12891 and NA12892, as well as 10x Genomics linked-read data generated from NA12878. The k-mer protocol searches for 26mers that are present in the 5 genomic DNA/L1Hs junction fragments, but are absent from the hs37d5 reference sequence. These analyses revealed that k-mers diagnostic for 83.7% (170/203) of the candidate PALMER L1Hs insertion 5 genomic DNA/L1 junction sequences were present in NA12878 Illumina short-read datasets, which contrasts starkly with simulated data as a negative control, where only ∼0.1% (0.2/203) showed sequence level support for the insertion ( Figure 2F ).
Finally, we exploited CEPH pedigree sequencing data to examine whether the detection of L1Hs 5 genomic DNA/L1 junction sequence k-mers were detected in a manner consistent with Mendelian inheritance. We utilized available 10x linked-read WGS data, which allows for the assignment of reads to individual haplotypes. In total, 76 .4% (155/203) of the candidate PALMER L1Hs insertion 5 genomic DNA/L1 junction sequences were detected in NA12878 10× linked-read genomic data. Of the 76 germline insertions detected in Illumina short-read data that were inherited from one parent, 73 were supported by 10× Genomics linked-read data with all reads derived from a single haplotype ( Figure 2F , Supplementary Table  S1 ). Thus, combined with the evidence above, each of the PALMER L1Hs insertions has support from at least one form of orthogonal evidence, allowing us to conclude that we have generated a high-confidence set of germline nonreference L1Hs insertions from the NA12878 sample.
Assessment of PALMER calls in existing PacBio sequenced resources
We next compared the 203 PALMER L1Hs insertions to a recent study that used PacBio sequencing to generate a large-scale SV call set from fifteen genomes, including NA12878 (49) . This study used RepeatMasker (69) to annotate 118 non-reference L1Hs insertions in NA12878, but did not generate detailed annotations of the structural hallmarks associated with these L1Hs insertions. Ninety-four percent (111/118) of the insertions were present in the PALMER L1Hs call set ( Figure 3A ). Of the seven absent calls, five had fewer than five supporting reads (required by default in PALMER) and were excluded from further analyses ( Supplementary Table S2 ). Manual inspection of the other two calls revealed the presence of 3 truncated L1 sequences with no poly(A) tract or 3 UTR, suggesting they might not represent canonical retrotransposition events. Notably, 45.3% (92/203) of the non-reference PALMER L1Hs calls were not identified in NA12878 in this prior study (49) .
We next extended our comparisons to insertions reported in Audano et al. (n = 12797) that were not designated as L1Hs insertions. We observed an additional 23 insertion calls in Audano et al. that overlapped with the PALMER L1Hs calls, including eleven calls categorized as 'L1P' subfamily members, three calls categorized as 'L1', seven calls categorized as 'Complex', one call categorized as a short Nucleic Acids Research, 2020 , Vol. 48, No. 3 1155 tandem repeat (STR), and one call categorized as 'Not-Masked' ( Supplementary Table S1 ). For the 11 'L1P' calls, we examined the PacBio sequence data and observed 6/11 insertions with an 'ACG' in the L1 3 UTR, which is diagnostic for the L1Hs pre-Ta subfamily (10, 86, 94, 95) . Notably, some L1Hs pre-Ta subfamily members remain retrotransposition-competent in the human population (10, 96) . We further observed a 'GAG' motif in the 3 UTR region of 3/11 of the calls, which is indicative of L1PA2 or older L1 subfamilies and thus may not represent recent L1Hs insertions (86, 94, 95) . The remaining two 'L1P' calls exhibit all the hallmarks of an L1Hs insertion, but either have an 'AGG' or were too short to have sequence at this diagnostic position, resulting in some ambiguity as to their origins. The three calls categorized as 'L1' have the diagnostic 'ACA' motif in the 3 UTR, but contain 5 inverted L1 structures that likely led to an incorrect prediction of L1 insertion length, suggesting they were mis-annotated by RepeatMasker ( Figure 3B ). Moreover, of the eight calls annotated as 'Complex' or 'NotMasked', four contained the diagnostic 'ACA' motif in the L1 3 UTR, one contained an 'ACG' in the L1 3 UTR, two contained 'GAG' and 'GGG', and one was too short to exhibit the motif. Further, 7/8 contained L1-mediated 3 transductions. In sum, by annotating the specific characteristics of L1Hs insertions, PALMER provides additional evidence that at least 14/23 Audano et al. insertions that intersected with the PALMER L1Hs insertion calls are likely true L1Hs insertion events, al-though there is some uncertainty about the remaining nine calls.
After considering the above comparisons, we still had 69/203 PALMER-specific L1Hs non-reference insertion calls in NA12878 ( Supplementary Table S2 ). Thirty-four of 69 insertions were reported in other (non-NA12878) PacBio data, suggesting they are bona fide non-reference L1 insertions that were filtered from the NA12878 assembly (49) . Relative to the other samples studied by Audano et al., NA12878 had lower sequencing data quality, which may explain why they were not identified. The Audano et al. assembly approach is likely more sensitive to the length and quality of the input data than PALMER, which has been designed to specifically work with individual raw PacBio subreads. The other 35 PALMER specific L1Hs non-reference insertions were not identified in any of the PacBio samples reported in Audano et al. and include nine full-length L1Hs insertions ( Figure 3C as an example, Supplementary Table  S1 ).
Finally, comparisons of the PALMER L1Hs calls to a PacBio GIAB 'generic insertion' call set (46) revealed 107 overlapping calls (Supplementary Figure S5) ; however, 96 (47.3%) of 203 PALMER calls were absent from the >5000 reported GIAB insertions. Thus, PALMER can effectively re-annotate generic insertions sequences as bona fide retrotransposition events and allows the identification of >40% more L1Hs insertions than reported in other long-read NA12878 call sets.
Novel calls from PacBio data nested in existing reference LINE repeats
WGS is one of the most prevalent approaches used to discover inter-individual human genetic variation (97) . We used the Mobile Element Locator Tool (MELT) (63, 76) to identify L1Hs insertions in high coverage (50×) WGS data generated by the Illumina Platinum Genome Project (60) . Of note, MELT was the primary tool to discover mobile genetic elements in the 1000 Genomes Project Phase 3 data set; however, NA12878 was not included in that analysis due to the inclusion of its parental samples and the focus of the project on unrelated individuals. MELT identified 164 L1Hs insertions (Figure 4 , Supplementary Table S3 ) and 113 of these overlapped with the 203 PALMER L1Hs insertion calls. The remaining 44.3% (90/203) PALMER L1Hs insertions were absent from the MELT call set.
For the MELT-only calls, 8/33 exhibited some sequence support in the PacBio data and could represent bona fide L1Hs insertions; however, they were not called by PALMER because they were supported by fewer than five supporting subreads. An additional 3/33 MELT-only calls exhibited some concordance between the MELT-predicted size and the insert size of overlapping fosmid clone pairs, indicating that they also may be true L1Hs insertions. In the above 11/33 calls, two also were reported by Audano et al. (Supplementary Figure S6 , Table S3 ).
We next examined the remaining 22/33 MELT-only calls and did not observe evidence of an L1Hs insertion in any overlapping PacBio reads or from Illumina short-reads in the respective regions ( Supplementary Table S4 ). Manual inspection of these MELT-only calls revealed that they were located in A/T-rich or other repetitive regions and only exhibited non-L1Hs specific repetitive sequence content in the Illumina short-read data. Indeed, in more than half (13/22) of these predicted MELT-only insertions we observed a deletion or duplication CNV at the breakpoint, which likely led to the consideration of a distal L1 sequence in the reference genome as a putative variant. To further verify that we were capturing both haplotypes at MELT-only putative L1Hs locus, we conducted additional SNP-haplotype analyses on PacBio subreads in the regions of these 22 events (similar to our fosmid-based validation approach, see Methods, Supplementary Figure S2A ). Using phased SNPs, we successfully assigned PacBio error-corrected reads to both haplotypes in 21/22 MELT-only putative L1Hs locations, but still did not observe L1Hs signals on either allele. Thus, these 22 MELT-only putative L1Hs call likely represent false positives that arise due to the limitations of using short-read technology to detect L1Hs insertions in copy number variable or repetitive regions ( Supplementary Table  S3 ).
We observed 39.4% (80/203) PALMER L1Hs insertions within pre-existing LINE sequences in the reference sequence ( Figure 4C ). This proportion increases to 81.1% (73/90) when considering L1Hs insertions only found by PALMER in PacBio data and decreases to 15.2% (5/33) when considering the WGS MELT-only calls ( Figure 4C ). We did not observe similar distributions in other categories of repeats, including SINEs, LTR retrotransposons, DNA transposons and tandem repeats. Moreover, the PacBio se-quencing approach is more successful at identifying L1Hs insertions in regions of the genome that are not easily interrogated using short-read sequencing technologies (Figure 4D , Supplementary Table S1 ; 55 L1Hs in PacBio versus 35 in Illumina short-read data) (81) . Finally, 74.4% (67/90) of PacBio-only calls are located in intergenic regions, whereas only 48.5% (16/33) of the L1Hs calls from standard Illumina WGS are in intergenic regions. As expected, none of the insertions are in coding exonic regions ( Figure 4D , Supplementary Tables S1 and S3 ), suggesting that such insertions are likely subject to negative selection and are therefore underrepresented in humans (24, 98, 99) . Thus, the above results highlight the importance of accurately assessing repetitive genomic regions with increased LINE occupancy for human-specific retrotransposon insertions (100) and demonstrate the limitations of standard WGS approaches in identifying L1Hs insertions within LINE-rich regions (48) .
We further investigated whether the PALMER L1Hs insertions exhibited any enrichment or depletion around recombination hotspots. Although absent from the reference genome, many of the PALMER L1Hs insertions likely arose during the last ∼2 million years and thus were subject to forces of selection (86) . Nonetheless, we examined our insertions for differences in recombination rate and did not observe any significant preference (female: P = 0.293 and male: P = 0.055, two-tailed Student's t-test, Supplementary Figure S7 ) consistent with cell-based studies of engineered retrotransposons that indicate that the presence of an endonuclease cleavage consensus and association with the DNA replication machinery are principle determinants that dictate the genomic distribution of new L1Hs insertions (24) .
Characterizing germline non-reference L1Hs insertions from PacBio data in NA12878
We next sought to determine whether there were specific features of L1Hs insertions that could complicate their detection in PacBio versus short-read sequencing data. We did not observe significant differences between the 90 L1Hs PacBio-only calls with respect to 5 truncation points or insertion lengths ( Figure 4E) , the distribution and prevalence of inverted L1 sequences at the 5 end of L1Hs insertions ( Figure 4F) , the frequency or length of L1-mediated 3 transduction sequences, or the sizes of the TSDs (Figure 4G , Supplementary Table S1 ; range 6-38 bp). Furthermore, 25 .6% (52/203) of PALMER L1Hs insertions were full-length ( Figure 4A ) and 18/52 were only identified from PacBio sequences ( Supplementary Table S1 ). Thus, these data suggest that the number of full-length, potentially active, L1Hs retrotransposons are underrepresented in existing human genomes.
L1Hs 5 genomic DNA/L1 junction sequence k-mer analysis reveals PacBio L1Hs calls are polymorphic in populations of the 1000 Genomes Project
Phase 3 of the 1000 Genomes Project used Illumina 4-6× WGS of 2504 unrelated samples (63, 81) , which allowed us to assess whether the PALMER L1Hs insertions identified in NA12878 were polymorphic with respect to presence or absence in humans. To query whether the PALMER L1Hs insertions were present in the 1000 Genomes Project Phase 3 samples (see Materials and Methods), we utilized the k-mers identified in our pedigree validation experiments ( Figure 2E ). We first compared the PALMER L1Hs insertions to the 1000 Genomes Project Phase 3 L1Hs call set (63) . Approximately 42% (87/203) of the L1Hs insertions were present in both call sets and we observed a consistent correlation between the L1Hs frequencies reported in the 1000 Genomes Project Phase 3 call set and our kmer analysis ( Figure 4H ). An additional 57/90 PacBio-only L1Hs calls could be interrogated and 46 were identified in more than 5% of the phase 3 samples, indicating that they have been systematically missed in these population-scale data sets. Thus, these data demonstrate that we can assess whether the PALMER L1Hs insertions are present in existing short-read sequencing data derived from large cohorts of diverse individuals.
Whole genome 3 targeted L1 capture technology in NA12878
Several studies have used targeted ligation-mediated PCR strategies to identify L1Hs insertions. Briefly, oligonucleotide primers that exploit the diagnostic 'ACA' trinucleotide sequence in the 3 UTR of L1Hs insertions and a ligated adapter sequence allow for the generation of complex PCR amplicons enriched for L1Hs/3 flanking genomic DNA sequence junctions (39, 86) . Illumina shortread sequencing then is used to de-convolute the PCR amplicons and a variety of computational pipelines have been implemented to map individual L1Hs insertions to a reference sequence. Here, we sought to examine the effectiveness of ligation-mediated PCR targeted capture sequencing to identify L1Hs insertions identified in the NA12878 sample.
We used a previously reported approach to selectively amplify L1Hs/3 flanking genomic DNA sequence junctions (39, 86) from NA12878 genomic DNA and characterized them using overlapping 300 bp paired-end Illumina DNA sequencing. A customized computational pipeline (Supplementary Figure S3A) then was used to identify 128 non-reference germline L1Hs insertions; 85.9% (110/128) of these calls were also identified in the PALMER L1Hs insertion set ( Figure 5A , Supplementary Table S5 ). We manually inspected the eighteen 3 L1 capture calls, which were not called by PALMER, and 5/18 overlapped with potentially true-positive MELT calls (as described above). An additional L1 capture call (1/18) was also reported by Audano et al. and, after manual inspection, is likely to be a true positive. We applied the same SNP-haplotype analysis (see Methods, Supplementary Figure S2A ) on PacBio error-corrected reads to the other 12/18 3 targeted L1 capture technology calls and were able to assign reads to each haplotype. In each case, we did not detect evidence for an L1Hs insertion in these regions. In sum, comparisons between the PALMER L1Hs, Illumina WGS-MELT and the 3 ligation-mediated PCR targeted capture call sets revealed that each technology identified a different constellation of L1Hs insertions (Supplementary Figure S6 , Table S5 ); the PALMER L1Hs and 3 targeted L1 capture approaches were more successful than Illumina WGS-MELT at identifying L1Hs elements in repetitive genomic regions ( Figure  5B ).
Amplification bias leads to variation of L1Hs calling in WGS among multiple single-cell experiments
We next explored the efficiency of detecting L1Hs insertions in single-cell WGA-derived DNA sequencing data. We reasoned that the high-confidence PALMER L1Hs insertions in NA12878 would serve as a valuable reference to assess both false positive and false negative L1Hs calls derived from single-cell WGA experiments. We isolated single diploid NA12878 cells, conducted MDA whole genome amplification, and generated standard Illumina libraries for subsequent paired-end DNA sequencing (see Methods). The resultant MDA-WGS exhibited a genome-wide average read depth of at least 20× and achieved an average coverage of 85 ± 2.8% of the genome at ≥1× read depth and 66 ± 8.6% at ≥5× read depth across all single cells, which is higher than the 2% MDA locus dropout rate reported in previous studies (41, 42, 101) . We also analyzed our singlecell data for sequencing quality, genome read alignment, and genome coverage ( Supplementary Table S6 ) and found the data to be comparable with those reported in previous MDA or MALBAC studies (41, 42, 74) . However, we still observed genome coverage bias from both our single-cell WGA data as well as in data from these previous MDA and MALBAC studies (Supplementary Figure S4A and B) , as reflected by the variance in each experiment in the cumulative fraction of the genome covered by specific read coverages. This result is consistent with previously reported amplification bias (102) .
We next used MELT to detect non-reference L1Hs insertion calls in single-cell WGS data derived from four NA12878 single cells; however, we acknowledge the caveat that MELT was not specifically designed for single-cell analysis. The resulting number of L1Hs insertions identified in the four independent single-cell experiments ranged from 31 to 63 calls ( Figure 5C , Supplementary Table S7 ). Almost all of the MELT L1Hs calls that were identified in multiple single-cell experiments (64/65) were present in the PALMER L1Hs insertion set; only one MELT L1Hs call identified in three separate single-cell experiments was absent in the PALMER L1Hs insertion set, suggesting that it could represent a false negative PALMER call. Moreover, MELT calls found only in individual single-cell experiments likely represent false positives ( Figure 5C ). Intriguingly, 51.1% (71/139) of calls only detected by PALMER (i.e. they are absent from all four single-cell experiments) are nested within endogenous LINEs within the human reference sequence, which is consistent with our inability to detect L1Hs calls within endogenous LINE sequences in bulk WGS data ( Figures 4C and 5D) . We compared the genotype information from MELT in both bulk and single-cell data. A portion of heterozygous events in bulk experiments were inconsistently reported as homozygotes in single-cell WGS experiments (11/56 in single single-cell experiment . We delineate the calls into three sets: set1 (orange bracket and orange dots, the events in the PacBio call set but not called in any single-cell experiments), set2 (light blue bracket and blue dots, the events from the single-cell call sets but not in the PacBio call set), set3 (green bracket). In set3, we have two sub-sets: dark green dots show the intersection of the single-cell call sets and PacBio call set, and light green dots show the calls were absent in a certain single-cell experiment but called by the others and intersected with PacBio call set. (D) Number of calls located in different RepeatMasker categories based on sets defined in (C). We delineate the calls into three categories: set1 (orange), set2 (light blue) and set3 (green). (E) Read depth analysis for four single-cell WGS experiments. Categories of sets are based on (C). The curves of normalized read depth value in the ± 37.5 kb flanking regions of insertion sites are shown. and 5/56 in multiple single-cell experiment, Supplementary  Figure S4D ), which may be indicative of allelic dropout in the single-cell experiments.
Finally, we investigated the read coverage of L1Hs calls in the four single-cell experiments. We normalized the read coverage values based on the average genome coverage, which should result in an average read depth of '1' at any given position in the genome. We observed that insertion calls that overlapped between the single-cell and PALMER L1Hs call sets had a value of '1', indicating that the DNA amplified as expected in these regions. However, for L1Hs insertions only detected in individual single cells, the sequences surrounding the putative L1Hs insertions exhibited higher read depth than the average ( Figure 5E ), indicating they are likely false positive calls induced by overamplification. By comparison, the PALMER L1Hs insertions not called in single-cell data exhibited a lower read depth at the insertion loci relative to background signals, suggesting they were missed due to a lack of supporting reads. We further observed that these variances in coverage tend to converge to the expected background levels when the flanking region extended to ± 20 kb or more, which suggests that they are in fact reflecting amplicon-level (∼10-50 kb for MDA) coverage biases (102) though they could also be due to the repetitive nature of the L1Hs sequence and/or the repetitive nature of the sequences at the L1Hs insertion site. Overall, these data support that the prevalence of over/under-amplification bias at a genome-wide level in single-cell experiments can affect the identification of endogenous L1Hs insertions.
DISCUSSION
We developed an approach to comprehensively detect a specific class of mobile genetic elements, L1Hs retrotransposons, in long-read DNA sequences. Notably, the proteins encoded by L1Hs retrotransposons continue to drive the mobilization of other retroelements, including Alu short interspersed elements (SINEs), SVAs (SINE/VNTR/Alu), and U6 snRNA (28, (103) (104) (105) (106) (107) . Collectively, these elements may contribute to the ongoing mutagenesis of the human genome.
Our approach makes use of PacBio long-read sequence data, which has allowed us to better characterize variation in repetitive regions of the genome that are often refractory to approaches using short-read sequencing technologies. Our implementation of a targeted pre-masking approach also provides advantages compared to assemblybased variant calling using long reads and is likely extendable to other emerging single-molecule technologies such as Oxford Nanopore Technologies. Together, these advancements have enabled us to identify previously overlooked L1Hs insertions, particularly those embedded in existing repetitive sequences. For example, we observed an L1Hs PacBio-only call (chr6: 32 613 219) ( Figure 2C , Supplementary Figure S8 ) inserted into a reference L1MC1 segment within an intron of gene HLA-DQA1, which is located near the human major histocompatibility complex (MHC). Further investigation found that this insertion is actually present on an alternative haplotype of the human reference sequence; as such, it likely is a true polymorphic insertion missed by other studies that exclude alternative haplotypes from their analysis (108) . Intriguingly, we observed a L1 deletion polymorphism just 3 downstream of this insertion in other reference haplotypes, providing an example of how retroelements may potentially contribute to the diversity of the HLA complex (109) .
We assessed the extent to which L1Hs insertions may be systematically missed in the myriad of genomes that are currently being sequenced with short-read technology. We compared our results to MELT, a short-read method that has seen broad use in the 1000 Genomes Project, as well as other large initiatives, and demonstrated that up to 45% of L1Hs insertions identified by PALMER were often missed in short-read data because they were embedded within complex regions containing pre-existing repetitive DNAs. This loss in L1Hs calling efficacy was consistent across our comparisons with a short-read based targeted approach, suggesting that limitations in L1Hs identification are currently driven more by limits in the sequencing technology (i.e. read lengths) rather than the underlying analytical strate-gies for identifying mobile elements from whole genome sequence data. Intriguingly, we identified 18 novel full-length L1Hs sequences in the NA12878 genome; functional assays (8, 10, 15) are needed to examine whether any of these elements are retrotransposition-competent and have the potential to contribute to inter-or intra-individual human genetic variation. The above being stated, it still is likely that PALMER is missing an unknown number of non-reference L1Hs insertions due to the conservative parameters that were used in our analysis (i.e. the number of supporting reads and identity between target site duplications).
Our focus has been on a single well-characterized sample, NA12878, as it has long been established as a gold standard for human genetic variant discovery and assessment. However, our analysis of the 2504 low-coverage, short-read 1000 Genomes Project data suggests that many of our newly identified L1Hs are, in fact, prevalent in human populations at a >1% allele frequency. Indeed, a recent deep human genome study (48) compared call sets of SVs from short and long-read technologies and showed a sensitivity of only ∼50% from Illumina short reads for detecting insertions >50bp. This lower sensitivity has impacted our ability to accurately assess the true extent of L1 activity in mammalian genomes. Indeed, the actual rate of L1 mobilization in the germline likely requires refinement. This observation is likewise true for insertions in somatic tissue where, for example, estimated rates of endogenous L1Hs mobilization in neuronal cells currently varies from 0.04 to as high as 13.7 per neuron (33, (38) (39) (40) (41) (42) (43) . As long-read datasets continue to become available, we expect that PALMER will be a useful tool for identifying additional L1Hs elements that have been previously overlooked and could serve as source elements for potentially pathogenic insertions. Furthermore, we envision that future refinements of PALMER may be able to detect other classes of mobile genetic element insertions, including SINEs and/or SVA elements, in human, non-human primate, and other mammalian genomes.
